The presence of minimal residual disease detected by polymerase chain reaction techniques prior to allogeneic hematopoietic stem cell transplantation has proven to be an independent prognostic factor for poor outcome in children with acute lymphoblastic leukemia.
Introduction
Allogeneic hematopoietic stem cell transplantation (HSCT) offers a survival advantage over chemotherapy for children with very high-risk, primary resistant or relapsed acute lymphoblastic leukemia (ALL). The curative effect of allogeneic HSCT is hampered by relapse, the most frequent cause of transplant failure. Some recent studies indicated that minimal residual disease (MRD) detected prior to allogeniec HSCT is a predictor of relapse and an independent prognostic factor of poor outcome in children with ALL. [1] [2] [3] [4] [5] The MRD assays applied in those studies were based on amplification of antigen-receptor genes and immunoglobulin gene rearrangements by polymerase chain reaction. However, multiparametric flow cytometry is widely used to detect abnormal immunophenotypes in the diagnostic work-up of ALL and monitoring of MRD during treatment. [6] [7] [8] [9] The aim of this study was to quantify MRD prior to HSCT in children with ALL by multiparametric flow cytometry and ascertain whether a relationship exists between pre-transplantation MRD and outcome.
Design and Methods

Patients
Between October 2002 and October 2007, 31 children (19 boys and 12 girls) underwent allogeneic HSCT for high-risk ALL at our Pediatric HSCT Unit in a study that was conducted in accordance with the Helsinki Declaration. The median age at transplantation was 7 years (range, 10 months to 16 years). The group consisted of 28 patients with B-cell precursor ALL and 3 with T-cell ALL. Seven of the 31 patients failed to achieve complete remission after first-line induction treatment and when remission was achieved with second-line treatment, were transplanted in first complete remission. Furthermore, six patients were transplanted in first complete remission: four infants with MLL-positive ALL (age range, 10-12 months) and two children with Philadelphia chromosome-positive B-ALL. Eighteen patients were transplanted in second or later remission. All patients were previously treated according to the Spanish ALL protocols: Pethema 10,11 and SHOP. 12 Hematopoietic stem cell donors were HLA-identical siblings in 8 cases and matched unrelated donors in 23. The source of stem cells was bone marrow in 14, cord blood in 13 and peripheral blood in 4. No graft was manipulated prior to infusion. In 26 cases the conditioning consisted of fractionated total body irradiation (total dose 12 Gy), etoposide (30 mg/kg) and cyclophosphamide (120 mg/kg). A busulphan/thiotepa/fludarabine conditioning regimen was used in four children under the age of 3 years and in one with cardiomyopathy. In addition, all recipients of transplants from unrelated donors received antithymocyte globulin as part of their conditioning regimen. Graft-versus-host disease (GVHD) prophylaxis consisted of cyclosporine A in HLAidentical sibling transplants and a combination of cyclosporine A and methotrexate in unrelated donor transplants.
Methods
At diagnosis of ALL, leukemia-associated aberrant immunophenotypes were identified by multiparametric flow cytometry and all patients had at least one useful phenotype for follow-up throughout leukemia treatment. The samples were assessed prior to transplantation to confirm morphological remission and MRD was studied by multiparametric flow cytometry according to reported studies. 7, [13] [14] [15] Immunophenotypic analysis was performed with fourcolor flow cytometry. Briefly, cells were stained by direct immunofluorescence using monoclonal antibodies conjugated with the following fluorochromes: fluorescein isothiocyanate, phycoerythrin, the tandem phycoerythrin-Texas red and the tandem phycoerythrin-cyanin 5.1. Cells (10 6 ) were incubated for 10 min at room temperature in the dark with saturating amounts of fluorochrome-conjugated antibodies. Erythrocytes were then lysed with a one-step method. Cells were acquired in two steps in an FC-500 flow cytometer (Beckman-Coulter, Miami, FL, USA), with an argon laser tuned at 488 nm: first, 2-5¥10 4 nucleated cells were acquired to determine the percentage of CD19 + lymphocytes (in B-ALL cases) or CD7 + lymphocytes (in T-ALL cases), and then a live-gate was applied to CD19 + or CD7 + events to acquire only the cell population of interest. A total of 0.5 to 1¥10 6 cells were acquired for each antibody combination. SSC/CD19 and SSC/CD7 were used as the primary gating methods in B-ALL and T-ALL, respectively. Sequential gating was then used to identify the leukemia-associated immunophenotypes. The number of residual leukemic cells was calculated as the percentage of the total nucleated cells. The CXP software package (version 2.0) (Beckman Coulter, Miami, FL, USA) was used for the acquisition and analysis of data. This approach has a sensitivity of at least 10 -4 for the detection of leukemic cells among normal cells.
Definitions
MRD-positive status was defined as a level of disease of 0.01% or more. High MRD burden was defined as a level more than 1%. MRD-negative status was defined as MRD less than 0.01%. Relapse-free survival was defined as the total length of time a patient survived without relapse. Event-free survival was defined as the length of time a patient remained free of relapse or death. Overall survival was defined as the time elapsed from the date of transplantation to death from any cause.
Statistical analysis
Data for analysis were obtained up to April 2008. The probabilities of event-free, relapse-free and overall survival were estimated by the Kaplan-Meier method. Bivariate analysis of independent variables such as sex, remission status prior to HSCT, type of HSCT, grade of acute GVHD, and presence of MRD pre-HSCT was performed to evaluate these variables as risk factors for relapse and death, using risk difference, risk ratio and odds ratio (95% confidence interval). The statistical program used was STATA.
Results
Minimal residual disease prior to allogeneic stem cell transplantation
Bone marrow samples were collected at a median of 10 days prior to the start of the conditioning regimen; however, in four patients samples were taken between 42 and 100 days pre-HSCT. No treatment was given between MRD assessment and HSCT. All 31 children were in complete morphological remission prior to transplantation. According to MRD status pre-HSCT, 21 patients were included in the MRD-negative group and ten in the MRD-positive group.
Relevance of MRD determined by flow cytometry in childhood ALL haematologica | 2010; 95 (6) MRD values were between 0.003% and 3.3%. One patient had a MRD level of 0.003% and was included in the MRDnegative group. Five patients had MRD levels between 0.01% and less than 0.1%, one between 0.1% and less than 1% and four had a high MRD burden of more than 1%. In patients with molecular markers at the time ALL was diagnosed, there were no discrepancies between the results of MRD determined by multiparametric flow cytometry and the detection of fusion genes by polymerase chain reaction pre-HSCT.
Minimal residual disease-positive group
At day 90 post-HSCT, six out of the ten children who had MRD prior to transplantation were alive without MRD. Two of the remaining four had relapsed and died due to progression and one had died from treatment-related causes. The fourth patient, on day 90, had 8% MRD. Between days 90 and 180, two of the seven survivors relapsed and died: the one who was MRD-positive and another who relapsed on day 127. During this same period, one patient died from treatment-related causes. At 180 days post-HSCT, four patients were alive: two with MRD and two without MRD. One patient, who showed MRD of 0.22% on day 180, relapsed on day 250. At 1 year post-HSCT three patients were alive: two were MRD-negative and one was MRD-positive. One MRD-negative patient died on day 395.
In summary, five of ten patients had a hematologic relapse (on days 48, 77, 106, 127 and 250) and died from disease progression. The median time elapsed between relapse and death was 53 days (range, 8-128 days); no rescue treatment, only palliative care, was given. Treatment-related mortality occurred in three out of ten patients, with these patients 
Minimal residual disease-negative group
None of the evaluable patients in this group had detectable MRD at 3, 6, 12 or 24 months post-transplant except patient n. 14 who was MRD-negative at 3 and 6 months post-HSCT but relapsed on day +305. This patient had a Philadelphiapositive B-ALL; treatment with steroids and imatinib was started and the patient remains alive 10 months after relapse. Four of the 21 patients died from treatment-related causes without MRD: these deaths were due to severe GVHD, multiorgan failure, lung disease and fatal Epstein-Barr virus lymphoproliferative disease at days +30, +36, +103 and +150, respectively. Sixteen patients remain alive in remission with undetectable MRD by multiparametric flow cytometry, with a median follow-up of 16 months (range, 6-56).
Outcome
The median clinical follow-up was 9 months (range, 1-56 months). At 2 years, survival analysis was as follows: among all 31 patients the relapse-free survival rate was 75%, the event-free survival 55% and overall survival 60%. The relapse-free survival rate in MRD-negative patients was 91% compared with 42% in MRD-positive patients (P=0.001). The event-free survival rate in MRD-negative patients was 75% compared with 20% in MRD-positive patients (P=0.005). The overall survival rate for the MRD-negative and MRD-positive subgroups was 80% and 20%, respectively (P=0.004) (Figure 1 ). Bivariate analysis showed that the presence of MRD prior to transplantation was the only significant factor for relapse with a risk ratio of 10.5 (1.4-78) (P<0.01) and also a significant risk factor for death with a risk ratio of 4.2 (1.6-10.7) (P<0.01) ( Table 2 ).
Discussion
The detection of MRD is particularly useful for the evaluation of treatment response and, consequently, for improving therapy stratification in pediatric ALL patients. Given the strong correlation between MRD levels and risk of relapse, several ongoing regimens include treatment intensification for children in whom MRD is detected after induction and consolidation treatment. Current MRD assays are based on polymerase chain reaction amplification of antigen-receptor genes and detection of abnormal immunophenotypes by multiparametric flow cytometry. 7, 16, 17 Multiparametric flow cytometry-based assays are rapid, readily available and provide accurate MRD quantification while simultaneously yielding information on normal hematopoietic status. 9 Multiparametric flow cytometry and polymerase chain reaction amplification of the genes encoding immunoglobulin and T-cell receptor proteins estimate similar levels of MRD in most remission samples obtained from children with ALL, 8, [18] [19] [20] when the level of MRD is 0.01% or greater. HSCT provides a survival advantage over chemotherapy in the treatment of children with high-risk ALL. The main barrier to successful HSCT is disease recurrence and the detection of MRD pre-transplantation has been studied as a predictive marker for relapse following allogeneic HSCT. Following a retrospective study of 56 children, Knechtli et al. reported that a high MRD burden, detected by real-time quantitative polymerase chain reaction analysis, before Tdepleted allogeneic HSCT pointed to a significantly poorer outcome. 2 Van der Velden and Bader confirmed these results. 21, 22 The International Pre-BMT MRD Study Group analyzed the presence of MRD pre-transplantation and outcome in 140 pediatric ALL patients. MRD, detected by polymerase chain reaction, proved to be a highly significant independent factor for event-free survival.
3,23 Sramkova et al. assessed MRD level prior to allogeneic HSCT in 36 children with ALL using real-time quantitative polymerase chain reaction analysis and found that MRD was the only significant prognostic factor on multivariate analysis. 4 Bader et al. studied MRD by real-time quantitative polymerase chain reaction in 91 children, finding that the 5-year event-free survival rate was 27% in those with a MRD burden of 10 -4 or more, compared with 60% in those with a MRD level of less than 10 -4 . 1 Our results, using multiparametric flow cytometry, concur with those using polymerase chain reaction 24 and also support the strong relationship between pre-HSCT MRD and outcome following allogeneic transplantation. Patients with MRD of 0.01% or more had a higher risk of relapse and death. No statistical relationship was found between sex, remission status pre-HSCT, type and source of donor, or GVHD grade and relapse. Severe GVHD and positive MRD pre-HSCT were significant predictors for death. Although patients with a high risk of relapse can be identified, little is known to date on how to prevent relapses. Different approaches to improving transplant outcome should include both pre-and post-transplant strategies, such as additional cytoreductive therapy prior to transplantation, monoclonal antibodies such as imatinib before and after HSCT in cases of Philadelphia-positive ALL, new purine analogs, and HSCT protocols favoring the graft-versusleukemia effect.
Uzunel et al. showed that the combination of acute and chronic GVHD was significantly associated with a lower risk of relapse. 26 On the other hand, Bader et al. reported that the administration of a low-dose of donor lymphocyte infusion in 31 children with mixed chimerism post-HSCT resulted in better outcomes. [27] [28] [29] In the present study, 16 patients had acute GVHD grade II-IV and no statistical differences were found in terms of event-free survival. Two of ten MRD-positive patients who are currently alive have chronic GVHD. One has persistently low MRD levels 17 months post-transplant (0.03%) and in the other, MRD remains undetectable 14 months post-transplant. The presence of chronic GVHD could control MRD and avoid relapse; however, these two cases were only isolated observations.
This study has two main limitations: the low number of cases and the heterogeneity of the patients' risk factors. Thus, it was not possible to carry out a multivariate analysis. The interest of this study lies in the fact that multiparametric flow cytometry was used to study MRD prior to HSCT. The results concur with those of previous studies using polymerase chain reaction techniques, and support the strong relationship between pre-transplant MRD and outcome following allogeneic HSCT. Further studies are required to confirm these results and determine whether specific protocols should be designed for patients found to have MRD prior to HSCT.
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